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Hexachlorobenzene (HCB) is a persistent environmental pollutant. The toxicity of HCB has been
extensively studied after an accidental human poisoning in Turkey and more recently it has been
shown that HCB has immunotoxic properties in laboratory animals and probably also in man. Oral
exposure of rats to HCB showed stimulatory effects on spleen and lymph node weights and
histology, increased serum IgM levels, and an enhancement of several parameters of immune
function. Moreover, more recent studies indicate that HCB-induced effects in the rat may be
related to autoimmunity. In Wistar rats exposed to HCB, IgM antibodies against several
autoantigens were elevated; in the Lewis rat, HCB differently modulated two experimental models
of autoimmune disease. Oral exposure of rats to HCB induces skin and lung pathology in the rat.
Recently several studies have been conducted to investigate whether these skin and lung lesions
can be related to HCB-induced immunomodulation, and these studies will be discussed in this
review. HCB-induced skin and lung lesions probably have a different etiology; pronounced strain
differences and correlation of skin lesions with immune parameters suggest a specific
involvement of the immune system in HCB-induced skin lesions. The induction of lung lesions by
HCB was thymus independent. Thymus-dependent T cells were not likely to be required for the
induction of skin lesions, although T cells enhanced the rate of induction and the progression of
the skin lesions. No deposition of autoantibodies was observed in nonlesional or lesional skin of
HCB-treated rats. Therefore, we concluded that it is unlikely that the mechanism by which most
allergic or autoimmunogenic chemicals work, i.e., by binding to macromolecules of the body and
subsequent T- and B-cell activation, is involved in the HCB-induced immunopathology in the rat.
Such a thymus-independent immunopathology is remarkable, as HCB strongly modulates
T-cell-mediated immune parameters. This points at a very complex mechanism and possible
involvement of multiple factors in the immunopathology of HCB. Key words: autoantibodies,
hexachlorobenzene, immunopathology, immunotoxicity, lung, rat, skin. - Environ Health
Perspect 107(suppl 5):783-792 (1999).
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In this review, following a short introduction
on the general properties and general toxicity
ofhexachlorobenzene (HCB), the role ofthe
immune system in HCB-induced toxicity is
discussed. The immunotoxic properties of
HCB were observed in several animal studies
performed after an accidental poisoning in
Turkey (described in detail in this article).
The presence of autoantibodies in rats
exposed to HCB, as well as clinical features
such as enlarged thyroid and rheumatoid
arthritis of the hands observed in victims
involved in the poisoning incident, prompted
the hypothesis that the immune system,
including autoimmunity, plays a major role
in HCB-induced toxicity.
General Properties andMetabolism
ofHCB
HCB (C6C16) is a chlorinated organic
compound used extensively as a fungicide for
the treatment ofseed grain but is prohibited
for such use in most countries since 1970.
HCB has been used directly and as a chemi-
cal intermediate in many industrial processes,
including applications as a fluxing agent in
aluminum smelting, as a peptizing agent in
the rubber industry, and in the manufacture
ofdye (1). Currently, considerable amounts
ofHCB are generated as waste byproducts of
several industrial processes and subsequently
emitted into the environment. Jacoffand
Scarberry (2) estimated that in the United
States over 4,000 tons ofHCB are generated
each year as a waste byproduct mainly from
the manufacture of chlorinated solvents.
HCB can be easily distributed through the
environment because of its volatility and
resistance to degradation. The long-distance
distribution ofHCB via the troposphere is an
especially important route oftransportation
(3). Because ofits chemical stability and high
persistence, HCB readily accumulates in food
chains (4,5). For example, a significant bio-
magnification has been reported in field
studies in natural aquatic ecosystems (6) and
in predatory birds (7). HCB is present in
human adipose tissue, breast milk, and blood
(8-10). The major source ofHCB exposure
of the general population today is as a
contaminant in the diet (11,12).
There is no published information on the
elimination half-life ofHCB in humans (12).
Studies in experimental animals have shown
that excretion of HCB occurs mainly via the
feces (13) and half-lives of 1 month in rats
and rabbits and 2.5-3 years in rhesus
monkeys have been reported (14). Studies in
a number of animal species showed that a
small portion ofingested HCB is metabolized
and the remainder is stored in adipose tissue
or excreted via the feces (15-17). Two major
metabolic pathways of HCB in the liver are
responsible for the metabolism ofHCB. In
the mercapturic acid pathway, conjugation of
HCB to glutathione leads to formation ofthe
urinary end product N-acetyl-S-(pen-
tachlorophenyl)-cysteine (PCP-NAC)
(18,19). In addition, HCB is degraded by
cytochrome P450-catalyzed oxidative dehalo-
genation to the end products pentachlorophe-
nol (PCP) and 1,4-tetrachlorohydroquinone
(TCHQ) (15,20).
GeneralToxicityofHCB
Porphyria is regarded as the major poten-
tial toxic manifestation of HCB in experi-
mental animals and man. An outbreak of
HCB-induced porphyria occurred in
Turkey in the 1950s and will be described
in detail in the next section. HCB-induced
hepatic porphyria is characterized by a defi-
ciency of the enzyme uroporphyrinogen
decarboxylase resulting in the accumulation
ofporphyrins in the liver and increased uri-
nary excretion ofhighly carboxylated por-
phyrins (21,22). Since the accidental
poisoning in Turkey, many attempts have
been made to induce hepatic porphyria by
administration of HCB to laboratory ani-
mals. The rat has been used in several studies
and many similarities have been observed
between clinical disease in humans and in
the rat (23,24). HCB-induced porphyria in
birds is also comparable to the disease in
mammals (25,26).
Laboratory animal studies revealed that
chronic exposure to HCB could induce liver-
cell tumors in rats and mice (27-29), renal
adenomas in rats (30), and liver-cell tumors,
haemangioendotheliomas, and thyroid
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adenomas in hamsters (31). HCB acts as a
promoter ofcancer in several studies (32,33).
Investigation ofthe cancer incidence among
people living in a small village in Spain that
was located near achlorinated solvents factory
revealed increased incidence ofthyroid neo-
plasms and soft-tissue carcinomas in males
(34). On the basis ofevidence for carcino-
genicity ofHCB to laboratory animals and
the limited information for carcinogenicity to
humans, the International Agency for
Research on Cancer has classified HCB as a
group 2B carcinogen (possibly carcinogenic
to humans) (35).
The reproductive effects of HCB have
been studied in several animal models.
Iatropolous et al. (36) demonstrated severe
changes in ovarian structure, consisting offol-
licular degeneration in primordial germ cells
and stratification ofthe epithelium, in rhesus
monkeys orally administered HCB. Similar
effects have been observed in cynomolgus
monkeys exposed to HCB via feed. However,
despite the changes in ovarian tissue, the lat-
ter monkeys were capable of producing
embryos after induction ofsuperovulation,
oocyte recovery, and maturation followed by
in vitro fertilization (37). Studies in super-
ovulated female Sprague-Dawley rats fed
HCB showed significant elevated serum prog-
esterone levels, whereas therewas no effect on
serum estradiol levels and uterine weight
(38). In a subsequent study in adult ovariec-
tomized Sprague-Dawley rats fed the same
doses of HCB, it was demonstrated that
HCB induces alterations in adrenal steroido-
genesis ofthe rat (39). The male reproduc-
tion system was affected only by repeated
exposure toveryhigh doses ofHCB (40,41).
In several animal studies, lactational
transfer of HCB has been shown to be
important in affecting fetus and nursing off-
spring. A four-generation study in Sprague-
Dawley rats showed maternal deaths and a
reduced fertility index at the two highest
dose levels ofHCB, whereas lower doses of
HCB caused increased stillbirths and
decreased pup survival (42). Mink appeared
to be particularly sensitive to the toxicity of
prenatal HCB exposure; a low dose ofHCB
resulted in reduced birth weights and
increased mortality (43,44). A recent study
among Turkish women exposed or not
exposed to HCB during the accidental poi-
soning in the 1950s showed an increased risk
of spontaneous abortion related to high
serum HCB levels but not restricted to
women with identifiable exposure (45).
Neurologic effects of HCB have been
reported in victims ofthe poisoning incident
in Turkey and in short-term as well as in
chronic exposure studies in various animal
species including rats, rabbits, and guinea
pigs (46). In adult Japanese quails fed diets
containing HCB, tremors have been
reported, but histology showed no pathology
ofthe central nervous system (25). Reported
neurotoxic effects in rats exposed to HCB are
hyper-excitability, tremors, weak legs, and
paresis (23,47). However, no indications for
histopathologic changes in the brain, spinal
cord, motor and sensory nerves, and skeletal
muscles have been found (48,49).
Accidental Human Poisoning
in Turkey
From 1955 to 1959, approximately
3,000-5,000 people in southeastern Turkey
who ingested HCB-treated seed grain devel-
oped a disease characterized by hepatic por-
phyria called porphyria turcica (50,51).
Porphyria turcica resembled porphyria
cutanea tarda, a disease ofdisturbed por-
phyrin metabolism manifested by cutaneous
lesions; patients showed bullous skin lesions,
mainly in sun-exposed skin areas that healed
with severe scars. The skin lesions were attrib-
uted to the toxicity ofphotochemically acti-
vated cutaneous porphyrins (52). Porphyria
turcica primarily affected children 6-16 years
ofage, with only 10% ofthe patients over 16
years ofage (53,54). In addition to the dis-
turbance in porphyrin metabolism and der-
matologic changes, other reported clinical
manifestations included hepatomegaly,
enlarged thyroid, splenomegaly, hyper-
pigmentation, hirsutism, and enlarged lymph
nodes. Victims also showed neurologic symp-
toms such as paresthesia, sensory shading,
"cogwheeling," and myotonia. Painless
arthritic changes ofthe hands were observed
in 36% ofthe children 6-16 years ofage, and
a follow-up study 3-5 years later revealed a
further increased incidence of 55% ofthese
children showingsuch changes (54,55).
Porphyria turcica was rare in victims less
than 4 years ofage. In these infants a condi-
tion called Pembe Yara has been described,
characterized by rose-red skin lesions on arms
and legs, enlarged livers, diarrhea, and fever.
There was a high mortality (> 95%) among
young children who were exposed to HCB
via the placenta or maternal milk (51,53,54).
These young children developed skin lesions
in the absence ofporphyria. The skin lesions
apparently did not resemble the porphyria-
related etiology ofthe bullous skin lesions
observed in the oldervictims ofthepoisoning
incident. In follow-up studies among204vic-
tims 25-30years after thepoisoningincident,
dermatologic abnormalities, neurologic symp-
toms, enlarged thyroid, and painless arthritis
ofthe hands still persisted (56,57). For these
clinical features an immune etiology is con-
ceivable, and such an etiology could also be
involved in the porphyria-independent skin
lesions of the children with Pembe Yara.
Therefore, several studies in laboratory
animals have been performed to elucidate the
immunotoxicproperties ofHCB.
Immunomodulation of HCB
Several experimental studies have been
performed to investigate the immune effects
ofHCB, with special emphasis on the func-
tional immune effects in mice and rats.
Whereas in the rat most assessed parameters
ofimmune function were enhanced after oral
exposure to HCB, in mice the reverse was
true; most assessed parameters of immune
function were suppressed after oral HCB
exposure. Tables 1 and 2 give a summary of
the reported immunotoxic effects ofHCB in
rats and mice. Our animal studies were
approved by an ethical committee of the
institute and conducted in accordance with
the GuidingPrincples in the UseofAnimals in
Toxicology (58). Briefly, rats were housed at
the Utrecht University animal facilities and
kept in pairs in filter-topped macrolon cages
on wood-chip bedding under standard condi-
tions (50-60% relative humidity, 12-hr
dark/12-hr light cyde). The animals had free
access to food andacidifiedwater.
HCB-Induced Immunomodulation
intheRat
Reported dose-related immune effects of
HCB in male and female Wistar rats are
increased spleen and lymph node weights;
increased total serum IgM, IgG, and IgA lev-
els; and increased peripheral blood neu-
trophilic and basophilic granulocytes and
monocytes (59-62). Histopathologic exami-
nation ofthespleen andlymph nodesshowed
increased extramedullary hemopoiesis in the
red pulp and hyperplasia ofB lymphocytes in
marginal zones and follicles ofthe spleen as
well as an increase in high endothelial venules
in the lymph nodes (49,50,59). Functional
assessment ofthe immune system showed no
significant effect ofHCB on the phagocytiz-
ing and killing capacity ofmacrophages as
shown by Listeria monocytogenes mortality
assay and clearance ofcolloidal carbon. In
addition, no effect ofHCB on cell-mediated
immunity, as measured by delayed-type
hypersensitivity and skin graft rejection, has
been observed. However, HCB induced a
stimulation ofhumoral immunity, as meas-
ured byincreasedprimaryandsecondaryIgM
and IgG responses to the thymus-dependent
antigen tetanus toxoid. In contrast, the
thymus-independent IgM response to
lipopolysaccharide (LPS) remained unchanged
(59,60,63).
Slight changes in humoral and pulmonary
cellular defenses have been observed in a
study that investigated the effect ofsingle or
multiple inhalation exposures to HCB (64)
in male Sprague-Dawley rats. Recently it was
shown that exposure of Wistar rats to
Environmental Health Perspectives * Vol 107, Supplement 5 * October 1999 784HCB-INDUCED IMMUNOPATHOLOGY
Table 1. Summary ofthe immunotoxic effects of hexachlorobenzene in rats.
Parameter Study Dosea Effectb Reference
Peripheral neutrophilic and basophilic granulocytes, and monocytes Wistar 1000 1 (59)
Serum IgM levels Wistar, BN,cLewis,c 300", 450, 900, 1000 1 (59,61,62,72)
Serum lgG and IgE levels BN 450 1 (72)
Serum IgA levels Wistar 300d 1 (62)
Serum IgM against ssDNA, dsDNA, Wistar 500, 1000 1 (61)
rat lgG, phosphatidylcholine
Serum 1gM against ssDNA BN, Lewis 150e,450 (72)
Spleen and lymph nodeweights Wistar, BN, Lewis 150-2000f 1 (59,61,62,72)
Marginal zones and follicles ofspleen Wistar 500, 1000 1 (59,61)
Extramedullary hemopoiesis Wistar 500, 1000 1 (60,63)
High endothelial venules in lymph nodes Wistar, BN,C Lewisc 150, 450, 900, 1000 - (59,72)
[1-2 and IFN-ymRNA ofspleen cells Wistar 150,450 1 (65)
IL-2R mRNAofspleen cells Wistar 450 t (65)
Primaryand secondary IgM and lgG againsttetanus toxoid Wistar 1000 1 (59)
Mitogenic response ofspleen cells to ConA, PHA, and LPS Wistar 1000 1 (59)
Susceptibility toendotoxin (Escherichia coli) Wistar 1000 1 (59)
Natural killercell activity inthe lung Wistar 150,450 -1 (66)
Effect on the induction ofM9 Lewis 450 J1 (68)
Effect on severity and spontaneous regression of EAE9 Lewis 450 1 (68)
Prenatal and postnatal exposure
Peripheral eosinophilic and basophilic granulocytes Wistar 150 1 (60)
Serum IgM levels Wistar 4, 50,100,150 1 (60,63)
Serum lgG levels Wistar 50,150 1 (60)
Popliteal lymph nodeweight Wistar 20, 100 1 (63)
High endothelial venules in lymph nodes Wistar 4-150 1 (60,63)
Delayed-type hypersensitivity againstovalbumin Wistar 4, 100 1 (63)
Primary and secondary IgM and lgG againsttetanus toxoid Wistar 4, 20, 50, 150 1 (60,63)
Resistance to Trichinellaspiralishand Listeriamonocytogenes infection Wistar 150 - (60)
Abbreviations: AA, adjuvant arthritis; BN, Brown Norway; ConA, concanavalin A; dsDNA, double-stranded DNA; EAE, experimental allergic encephalomyelitis; HCB, hexachlorobenzene; IFN, interferon; IL,
interleukin, LPS, lipopolysaccharide; PHA, phytohemagglutin; ssDNA, single-stranded DNA. 'Dietary HCB concentration (mg/kg). Most experiments with adult rats were short-term exposure studies of3-4
weeks of HCB exposure. In the prenatal and postnatal studies, exposure started atdays 1-3 of pregnancy and was continued until pups were 5weeks of age. bSignificantly increased (T) ordecreased(.1)
as compared to control rats. ¶ewis and BN were exposed to 150 and 450 mg/kg HCB. 0Wistar rats were exposed to HCB for 13 weeks. 'Significant increase in Lewis exposed to 450 mg/kg HCB and BN
exposed to 150 and 450 mg/kg. In Wistar rats that received 450, 500, 900, 1,000, and 2,000 mg/kg HCB, and Lewis and BN that received 450 mg/kg, these effects were observed.9Lewis rats were
exposed to450 mg/kg HCBfor6weeks before investigation ofthedevelopment ofAA or EAE. the lgG response against T. spiraliswas increased.
150 and 450 mg/kg HCB dose dependently
increased the ability of concanavalin A
(ConA) to increase interleukin (IL)-2 and
interferon-y mRNA levels ofspleen cells,
whereas IL-2R mRNA was increased at
450 mg/kg HCB (65).
Pme alandpostnatalHCB exposure.
The developing immune system seems to be
particularly vulnerable to the immunotoxic
effects of HCB, as observed in two studies
investigating the prenatal and postnatal toxic-
ity ofHCB. In the first study, rats received 0,
50, or 150 mg/kg HCB starting at days 1-3
of pregnancy, which was continued during
lactation and after weaning until pups were
5 weeks ofage (60). In the 150-mg/kg group,
increased serum IgM and IgG levels and
increased numbers ofblood basophilic and
eosinophilic granulocytes were observed.
Histopathologically, focal accumulation of
alveolar macrophages in the lung and prolif-
eration ofhigh endothelial venules in lymph
nodes were observed. Immune function tests
showed decreased resistance to Trichinella
spiralis, as measured by ahigheryield ofmus-
de larvae, and to Listeria monocytogenes infec-
tion at the high-dose group only. In addition,
increased primary and secondary IgM and
IgG responses to tetanus toxoid in both dose
Table 2. Summaryof the immunotoxic effects of hexachlorobenzene in mice.
Parameter Study Dosea Effectb Reference
Primary and secondary plaque-forming response BALB/c 167 1 (74)
ofspleen cells to sheep red blood cells
Serum IgA levels BALB/c 167 - (74)
Susceptibility toendotoxin(Salmonella typhosa) BALB/c 167 1 (74)
Resistance to Malaria infection BALB/c 100, 167 1 (74,75)
Resistance to Leishmaniainfection BALB/c 5,100 .1 (75)
Resistance to mKSAtumorcells BALB/c 100 1 (76)
Resistance to EL-4tumorcells C57BL/6 100 -1 (76)
Resistance to P388 tumor cells DBA/2 5, 100 .1 (76)
Resistance to L1210 tumor cells DBA/2 5, 100 -L (76)
Natural killercell activity of spleen BALB/c 100 Jo (76)
Cytotoxic macrophage activityof the spleen BALB/c 5, 100 -1 (76)
Graft-versus-hostactivity ofthe spleen C57BL/6 167C -1 (78)
Resistance to mouse hepatitis virus BALB/c 167 -1 (77)
Resistance to encephalomyocarditis infection C57BL/6 150 1 (79)
Resistance to MCA sarcoma cells C57BL/6 150 1 (79)
CytotoxicT-lymphocyte activity ofspleen C57BL/6 15 1 (79)
Resistance to mouse hepatitis virus Athymic mice 167d >1 (77)
Prenatal exposure:
Delayed-type hypersensitivity response to oxazolone BALB/c mice 0.5, 5 1 (79)
Mixed-lymphocyte response ofspleen cells BALB/c mice 5 -1 (79)
Number ofsplenic Tcells BALB/c mice 0.5, 5 1 (79)
Numberofsplenic B cells BALB/c mice 0.5, 5 1 (79)
HCB, hexachlorobenzene. 'Dietary HCB concentration (mg/kg). Mostexperiments with adult mice were short-term exposure studies of
3-10weeks of HCB exposure. In the prenatal study,0, 0.5, or 5 mg HCB/kg maternal bodyweight was given daily in 0.3 g peanut but-
terand selected immune functions were measured in 45-day-old offspring. bSignificantly increased (1') or decreased (-1) ascompared
to control animals. 1'his parameter remained unaffected after3, 6, or 13 weeks of exposure and was onlydepressed after 37 weeks
of HCB exposure. In athymic micethis parameter was severelydepressed.
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groups as well as a significantly increased IgG
response to T spiralis infection in the high-
dose group were observed. There were no
effects of HCB on splenic clearance of
Listeria and colloidal carbon, skin graft rejec-
tion, mitogenic responses ofspleen and thy-
mus cells, and IgM responses to LPS. In the
second prenatal and postnatal toxicity study,
exposure to 0, 4, 20, or 100 mg/kg HCB
showed increased serum IgM levels, increased
numbers ofbasophilic peripheral granulocytes
in the high-dose group, and increased
popliteal lymph node weights in the 20- and
100-mg/kg group. Histopathologic changes
in lymph nodes and lung were similar to
those described in the first study. In contrast
to the first study, there were no effects of
4 and 20 mg/kg HCB on the resistance to
T spiralis. There was no significant increase
ofthe IgM and IgG response to ovalbumin,
whereas dietary levels as low as 4 mg HCB/kg
feed significantly increased delayed-type
hypersensitivity reactions to ovalbumin.
Primary and secondary IgM and IgG anti-
body responses to tetanus toxoid were
increased in the 4- and 20-mg/kg dose groups
(63). Moreover, a high mortality ofsuckling
pups ofmothers exposed to 100 mg HCB/kg
diet has been observed in the same study. No
effects were observed of natural killer cell
activity in spleens ofrats prenatally and post-
natally exposed to 4 and 20 mg/kg HCB were
observed. More recent findings, however,
showed that oral exposure ofadultWistar rats
to 150 and 450 mg/kg HCB for 6 weeks dose
dependently suppressed natural killer cell
activity in thelung (66).
ThymusDependenceofthe Immune
Effe ofHCB
The involvement ofthymus-dependent Tcells
in HCB-induced immune effects has been
investigated in male athymic (rnu/rnu) and
euthymic (+/rnu) Wistar rats 3-4 weeks ofage
exposed for 6 weeks to control diets or diets
containing 450 mg/kg HCB (67). It was
observed in this study that HCB-induced tox-
icity, as judged by effects on bodyweight and
liver effects, was more pronounced in athymic
rats than in euthymic rats exposed to the same
dose (Table 3). The effect ofHCB on spleen
weight was also higher in athymic rats than in
euthymic rats exposed to the same dose of
HCB (Table 3). Morphometric analysis of
spleen sections ofcontrol and HCB-exposed
athymic and euthymic rats was performed to
determine the effect of HCB on different
spleen compartments. Relative areas ofthe
white pulp andperiarteriolar lymphatic sheath
(PALS) were measured with an automated
image analyzer. These measurements were
used to estimate the absolute total weight of
red pulp, PALS, marginal zones, and follides
(Table 3). HCB induced a significant increase
Table 3. Effects of 6-week oral exposure to 450 mg/kg hexachlorobenzene on body weight; absolute and relative
liver and spleen weight; absolute and relative estimated red pulp; PALS; and follicles and marginal zones weight in
euthymic and athymic Wistar rats.
Bodyweighta Liverweighta Spleen weightb Red pulpc
Follicles and
PALSC marginal zonesc
Absolute weight
Euthymic
Control 242 ± 10 9.52± 0.41 421 ± 22 277 ±30 42±6 102±23
450 mg/kg HCB 202± 22** 13.26 ± 1.32*** 584± 75*** 405± 64*** 44± 13 134± 23*
Athymic
Control 175±21 6.47±0.94 444±49 319±34 11±3 114±18
450 mg/kg HCB 122 ± 7*** 10.77 ± 0.82*** 573 ± 89* 452± 101** 9±4 112±38
Organ-to-body weightratiosd
Euthymic
Control 3.94±0.28 174±11 115±13 17±3 42±9
450 mg/kg HCB 6.59 ± 0.47*** 289± 19*** 200± 14*** 22±6 67± 13**
Athymic
Control 3.68±0.21 253±6 182±17 6±2 65±5
450 mg/kg HCB 8.88± 0.88*** 473± 80*** 374± 90*** 8± 3 91 ± 27*
Abbreviations: HCB, hexachlorobenzene; PALS, periarteriolar lymphatic sheath; SD, standard deviation. Bodyweight and liverweight
± SD are given in grams. "Spleen weight ± SD is given in milligrams. cRelative areas of the white pulp and PALS were measured by
using an automated image analyzer and these measurements were used to calculate the weight ofthe red pulp, PALS, follicles, and
marginal zones. d(Milli)gram per 100 g body weight. Asterisks denote significance from the corresponding control group (*p< 0.05;
**p<0.01; ***p<0.001, respectively), n =6 pertreatment group.
in absolute red pulp weight in both athymic
and euthymic rats. A significant increase of
absolute weight offollides and marginal zones
was observed only in euthymic rats exposed to
HCB, leading to the conclusion that the
effects of HCB on splenic white pulp are
thymus dependent (67). This all-or-none
conclusion may be questioned, as athymic rats
showed a significant decrease in body weight
and a more marked increase ofliver weight
compared to euthymic rats exposed to the
same dose of HCB. This points at a higher
toxicity ofHCB in athymic rats compared to
euthymic rats and thus the possibility of
stress-induced effects on the splenic white
pulp in athymic rats. Therefore, we also com-
pared the effects ofHCB on the estimated rel-
ative (organ-to-body) weight of splenic
compartments (Table 3). Then a significant
increase ofestimated relative weight ofmar-
ginal zones and follicles was also observed in
athymic rats exposed to HCB. This effect on
splenic white pulp in athymic rats, however,
was disproportional to the more marked rela-
tive liver weight increase and increase ofred
pulp observed in athymic rats compared to
euthymic rats. On the basis ofthis study, we
concluded that thymus-dependent T cells are
not required for HCB-induced hyperplasia of
marginal zones and follides, but that T cells
may enhance the effect ofHCB on splenic
white pulp in euthymic rats. Recendy, we fur-
ther investigated the effects of HCB on
splenic red pulp ofathymic and euthymic
WAG/Rij rats. Histology showed increased
extramedullary erythropoiesis and myelo-
poiesis; presence ofactivated cells, mainly
macrophages and fibroblasts, in the red pulp;
and increased numbers ofgranulocytes in the
venous sinusoidal network bordering the
marginal zones (Figure 1).
The effect ofHCB on two models of
autoimmune disease in the Lewis rat. To
study the effect of HCB on thymus-
dependent autoimmune diseases in the rat,
two experimental models ofautoimmune dis-
ease in the rat, adjuvant arthritis (AA) and
experimental allergic encephalomyelitis
(EAE), were used (68). Male Lewis rats 3-4
weeks ofagewere orallyexposed to diets con-
taining 0, 50, 150, or 450 mg HCB/kg diet.
After 6 weeks of HCB exposure, rats were
injected either a) intradermally via the tail
base with Freund's complete adjuvant
([FCA], a mixture ofmineral oil, a detergent,
and dead Mycobacterium tuberculosis H37Ra)
to induceAA, or b) subcutaneously in the left
hind footpadwith guinea pig myelinwith the
same FCA to induce EAE. The development
ofEAE was investigated daily and the degree
of paralysis was rated 0 (no paralysis), 1
(paralysis of one hind limb), 2 (complete
hind limb paralysis), 3 (paraplegia), and 4
(death) per rat. The onset ofarthritic lesions
in the joints was investigated every other day
and the severity was rated 0 (no observable
lesion or swelling) to 4 (severe swelling and
redness) per paw, yielding a maximal possible
score of16.
Figure 2showsthatHCBdosedependendy
suppressed the induction ofAA. Rats exposed
to the high dose of450 mg/kg HCB failed to
developAA, although one rat showed inflam-
mation ofthe joint ofone leg at the end of
the study. In contrast, oral exposure to HCB
dose dependently enhanced the severity of
EAE. Whereas rats that received 0, 50, and
150 mg/kg HCB recovered spontaneously
from the active disease, those that received
450 mg/kg HCB developed chronic progres-
sive EAE and died. The mechanism underly-
ing this contradictory effect ofHCB on these
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two models of autoimmune disease in the
Lewis rat is unknown, as both models require
specific T-helper 1 cell involvement. A possi-
ble explanation may lie in an effect ofHCB
on other cells or processes involved in these
autoimmune models. For example,
macrophages are important effector cells
involved in the development ofclinical signs
ofEAE (69), and recently it has been shown
that macrophage-derived IL-12 may con-
tribute to exacerbation and relapse of EAE
(70). The pathogenesis ofAA involves many
cell types. Recently it was shown that infiltra-
tion of activated neutrophilic granulocytes
into the joint is an important step in the
development ofrheumatoid arthritis (71).
HCB-inducedautoantibodies. According
to recent studies, the immunostimulatory
effects ofHCB in the rat may be related to
autoimmunity. Wistar rats orally exposed to
HCB showed increased IgM but not IgG
antibodies to several autoantigens such as
single-stranded DNA, native DNA, rheuma-
toid factor, and phosphatidylcholine (61). In
another study, Brown Norway, Lewis, and
Wistar rats orally exposed to HCB showed
IgM autoantibodies against single-stranded
DNA (72). Although the autoantibodies are
naturally occurring IgM autoantibodies of
low affinity and known to have little patho-
genicity (73), further studies have investi-
gated whether these autoantibodies are
involved in the induction of inflammatory
skin and lunglesions in the rat.
HCB-Induced Immunomodulation
inMice
Loose et al. (74) showed that male BALB/c
mice that received 167 mg HCB per kg diet
for over 6 weeks displayed no effects on lung,
thymus, and spleen weights and histology,
whereas liver cell hypertrophy was present. In
the same study HCB induced a suppression of
the thymus-dependent humoral immunity, as
measured by the response to sheep red blood
cells, in the absence ofalterations of total
serum IgM and IgG values. In another study,
Loose and co-workers (75) showed impaired
host resistance in BALB/c mice exposed to dif-
ferent concentrations of HCB over 3-10
weeks. Increased susceptibility to endotoxin
(Salmonella typhosa) and significantly sup-
pressed resistance to infection with malaria
(Plasmodium berghez) and Leishmania were
noted. In tumor susceptibility studies, differ-
ent strains of mice orally exposed to HCB
showed a dose-related decrease oftheir resis-
tance to challenges with syngeneic tumor cells,
as measured by decreased survival times, prob-
ably due to a significant reduction oftumori-
cidal activity ofcytotoxic macrophages in the
spleen (76). More recently, decreased resis-
tance to mouse hepatitis virus was demon-
strated in BALB/c mice exposed to HCB,
Figure 1. Representative spleen sections from a control rat (A) and from rats fed 450 mg hexachlorobenzene
(HCB)/kg diet for 4 weeks (B,C). The different compartments of the white pulp are indicated by P, periarteriolar lym-
phatic sheaths; F, follicles; and MZ, marginal zones. Note the hyperplasia of the white pulp, especially of the mar-
ginal zone, and the extramedullary hemopoiesis (arrowheads) in the red pulp of HCB-treated rats. Panel C shows a
higher magnification of the splenic red pulp from an HCB-treated rat. Note the abundant presence of polymorphonu-
clear granulocytes (arrows) and normoblasts and myeloblasts (arrowheads). Hematoxylin and eosin, magnification
A, Bx 100; Cx 400.
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Figure 2. The effect of hexachlorobenzene (HCB) on two experimental models of autoimmune disease in the Lewis rat. Male Lewis rats 3-4 weeks of age were orally exposed to
diets containing 0, 50, 150, or 450 mg HCB/kg diet. After 6 weeks of exposure, the effect of HCB on the development of adjuvant arthritis (A) and experimental allergic
encephalomyelitis (B) was investigated.
whereas resistance to mouse cytomegalovirus
and a pneumonia-causing virus was not
impaired. This has been explained by the
HCB-induced decrease ofphagocytic and
detoxifying capacity of Kupffer cells in the
liver, resulting in an enhanced infection of
hepatocytes by mouse hepatitis virus (77).
Decreased phagocytic and detoxifying capac-
ity of Kupffer cells could also explain the
HCB-induced increased susceptibility to
endotoxin (77). Exposure ofC57BL/6 mice
to 167 mg HCB/kg body weight for 3, 6, or
13 weeks showed no effect on the graft-
versus-host activity when spleen cells ofthese
HCB-exposed mice were inoculated into
neonatal BDF1 mice. On the contrary, graft-
versus-host activity was significantly
depressed after 37 weeks ofexposure to HCB
(78). In another study [quoted in IARC
(79)] in male C57BL/6 mice, oral exposure
to HCB increased several parameters ofhost
resistance. Oral exposure to 150 mg/kg HCB
resulted in an increased resistance to
encephalomyocarditis infection and increased
resistance to progressive growth ofmethylchol-
anthracene-induced sarcoma, whereas there
was no significant effect ofHCB on resistance
to Moloney sarcoma virus-induced tumor
cells. In the same study, 15 mg/kg HCB
increased cytotoxic lymphocyte activity gen-
erated in vivobyinoculation ofC57B1/6 mice
with DBA/2 mastocytoma, increased P815
tumor cells and was assessed in vitro in a
51Cr-release cytotoxicity assay. No effect of
HCB was observed on the phagocytic activity
ofperitoneal macrophages (79). Barnett and
co-workers (80) studied the effect of in utero
HCB exposure on the developing immune
response ofBALB/c mice. Mice were exposed
daily to 0, 0.5, or 5 mg HCB/kg maternal
body weight; at 45 days of age selected
immune functions were tested in the off-
spring. A severely decreased delayed-type
hypersensitivity response to oxazolone was
observed in animals exposed to 0.5 and
5 mg/kg HCB. The mixed lymphocyte
responses ofspleen cells from control BALB/c
mice and BALB/c mice that received HCB
was measured by culturing the cells in the
presence of mitomycin C-treated allogenic
C57BL/6 spleen cells for 72 hr. The mixed
lymphocyte response of mice that received
5 mg/kg HCB was significantly decreased,
whereas blastogenic responses of isolated
spleen cells to ConA, phytohemagglutin, and
LPS were unchanged. In the same study,
increased numbers ofT cells and decreased
numbers ofB cells were present in spleens of
HCB-treated mice.
HCB-Induced Immunomodulation n
OtherSpeciesIndAucingMan
Female rhesus monkeys that received graded
doses ofHCB (8, 32, 64, or 128 mg/kg per
day) via gastric instillation showed histologic
changes in the thymus. These changes con-
sisted ofa reduction or absence ofindividual
lobules and hyperplasia of reticular cells,
macrophages, and plasma cells in the
medulla (36).
In beagle dogs administered different
doses of 99% pure HCB (1, 10, 100, or
1,000 mg/day in a gelatin capsule) during
1 year, significant neutrophilia was observed
after several weeks in most dogs receiving 100
and 1,000 mg/day. Hyperplasia ofthe gastric
lymphoid tissue was also frequently observed
in dogs ofall dose groups. Moreover, in the
high-dose group, 33% ofthe dogs displayed
arteritis-periarteritis ofsmall arteries and
arterioles affecting multiple organ sites (81).
This severe arteritis resembled the earlier
described vasculitis in livers ofrats exposed to
HCB ofunknown purity (48) and had many
characteristics suggesting hypersensitivity
angitis or polyarteritis; however, there were
no indications for the presence ofelevated
serum antibodylevels.
Recently, a study in 51-66 workers occu-
pationally exposed to HCB showed impaired
functions of neutrophilic granulocytes
compared to neutrophilic granulocytes of a
control group of48 nonexposed age- and
sex-related individuals. Neutrophils from
HCB-exposed individuals showed a signifi-
cantly reduced chemotaxis as well as asignifi-
cant reduced respiratory burst activity, as
measuredby nitroblue tetrazoliumdye reduc-
tion. However, in the HCB-exposed workers,
there was no correlation between the length
ofHCB exposure or HCB concentrations in
blood and the changes in the neutrophil
functions (82). In the same group ofworkers,
increased serum IgM and IgG levels were
observed, whereas serum IgA levels were nor-
mal (83). In asubsequentstudyphagocytosis
and killing of Candida albicans and Candida
pseudotropicalisbypolymorphonuclear granu-
locytes from the HCB-exposed workers or
nonexposed control individuals were com-
pared. HCB showed no effect on phagocyto-
sis, whereas lysis of C. albicans and
C pseudotropicalis was significantly decreased
in the HCB-exposed group compared to the
control group. As observed in the previous
study, there was no correlation between the
length of HCB exposure, blood levels of
HCB, and thechanges ofpolymorphonuclear
cell function (84).
TheRoleofHCB-Induced
Immunotoxicity inthe Inductionof
SkinandLungLesions intheRat
The role ofmetabolism. In the Wistar rat,
HCB feeding induces inflammatory skin and
lung changes (59-62). Several studies inves-
tigated whether the parent compound HCB
itself or its reactive metabolites are involved
in the induction ofimmune effects and skin
and lung lesions. One of the first studies
investigated the involvement ofporphyrins
in the induction of skin lesions by HCB
(62,85), as these skin lesions have been
attributed to dermal accumulation and sub-
sequent photochemical activation of por-
phyrins (52). Coadministration of the
P450IIIA1/2 inhibitortriacetyloleandomycin
to HCB-treated Wistar rats resulted in a
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strong reduction of hepatic porphyria and
the formation of the oxidative metabolites
PCP and TCHQ. In contrast, autoantibody
levels and induction ofskin lesions remained
unaffected (Table 4). It was concluded from
this study that the oxidative metabolites of
HCB (i.e., PCP, TCHQ) and HCB-induced
porphyria are not involved in the
immunomodulating effects and induction of
skin lesions by HCB (62,85). The suggestion
that skin lesions in the rat are not due to
phototoxicity ofdermal accumulated por-
phyrins was confirmed by the absence ofpor-
phyrin fluorescence in lesional and
nonlesional skin of HCB-treated rats.
Therefore it is possible that rats develop the
juvenile, porphyria-independent form of
HCB-induced skin lesions as observed in
children under 4 years ofage in the Turkish
HCB poisoning accident (72).
In another study the role ofthe mercap-
turic acid biotransformation pathway in the
HCB-induced inflammatory skin and lung
lesions was investigated (86). This biotrans-
formation pathway, resulting in the forma-
tion ofthe urinary end product PCP-NAC,
is the major route ofmetabolism in female
Wistar rats exposed to HCB (85). Moreover,
cumulative urinary levels ofPCP-NAC from
Wistar rats orally exposed to HCB correlated
significantly with serum IgM, IgA, and IgM
anti-bromelain-treated red blood cells (62).
Brown Norway rats exposed to penta-
chloronitrobenzene, a compound metabo-
lized via the same (mercapturic acid)
biotransformation pathway as HCB (18,19),
showed no effects on spleen, skin, or lung.
This indicates that this route ofmetabolism
ofHCB is not involved in the induction of
splenomegaly and inflammatory skin and
lung lesions. Therefore, it is concluded that
either the parent compound HCB or yet
unidentified metabolites are involved in the
inflammatory effects ofHCB (86).
Strain dependency ofHCB-induced
skin and lungpathology. In a recent study
we investigated the involvement of the
immune system in the induction ofskin and
lung lesions by HCB (72). We fed three rat
strains (i.e., Brown Norway, Lewis, and
Wistar, known to react very diversely to
immunomodulating compounds) diets con-
taining different doses ofHCB for 4 weeks.
Table 4. The role of metabolism in the target organ tox-
icity of hexachlorobenzene in the rat.
Hepatic Immune Skin
porphyria effects lesions
HCB + + +
HCB +TA0a - + +
Abbreviations: HCB, hexachlorobenzene; TAO, triacetyloleando-
mycin. TAO is a selective inhibitor of P450111al/2. Data from
Van Ommen et al. (20), Den Besten et al. (85), and Schielen
et al. 162).
Skin lesions were scored during the exposure
according to time ofonset, incidence, and
severity. After 4 weeks of exposure,
histopathology ofskin and lung as well as var-
ious parameters ofimmunomodulation were
examined. There was a marked strain-
dependent induction ofskin lesions far more
prominent in Brown Norway rats than in
Lewis and Wistar rats. Skin lesions became
macroscopically manifest in the head and
neck region of Brown Norway, Lewis, and
Wistar rats after 15, 17, and 24 days ofexpo-
sure, respectively. Skin lesions ranged in
severity from slight redness to large hemor-
rhagic lesions with exudative crusts and were
histologically characterized by loss or hyper-
plasia ofthe epidermis and deep dermal acti-
vation ofvessels. An inflammatory infiltrate
ofmainly eosinophilic granulocytes in Brown
Norway and mononudear cells in Lewis and
Wistar rats was observed in the deep dermis.
Hyperplasia ofthe epidermis, activation of
deep dermal vessels, and inflammatory infil-
trates were also observed in macroscopically
intact skin ofHCB-exposed rats, although
they appeared less severe compared to
changes in lesional skin. In the Brown
Norway rat, skin lesions correlated with all
measured parameters ofimmunomodulation
(Table 5) such as increased lymph node
weights; activation of high endothelial
venules; increased serum IgM, IgG, and IgE
levels; and increased single-stranded DNA-
specific IgM. In the Lewis rat, skin lesions
correlated only with serum IgE and single-
stranded DNA-specific IgM, whereas in
Wistar rats no significant correlation
between skin lesions and parameters of
immunomodulation was observed. This is in
contrast with earlier findings of Schielen
et al. (62). They demonstrated a significant
correlation between serum IgM levels and
severity ofskin lesions in female Wistar rats
fed 300 mg HCB/kg diet, but this may be
related to the longer exposure period of 13
weeks. HCB induced inflammatory lung
lesions in all rat strains that consisted offocal
accumulations of alveolar macrophages and
proliferation ofthe endothelium oflung ves-
sels, which were attended by a perivascular
infiltrate (60,63,87,88). The induction of
inflammatory lung lesions by HCB appeared
hardly strain dependent and was slightly
stronger in Lewis rats compared to Brown
Norway and Wistar rats. The perivascular
infiltrate varied strain dependently and con-
sisted ofmainly eosinophilic granulocytes in
Brown Norway rats and mononuclear cells in
Lewis and Wistar rats. In contrast to skin
lesions, no correlation was found between
inflammatory lung lesions and the assessed
parameters ofimmunomodulation. From this
study we concluded that the HCB-induced
skin and lung lesions probably have different
etiology. Pronounced strain differences in
skin lesions as well as the positive correlation
with several immune parameters indicate a
specific involvement ofthe immune system in
the developmentofskin lesions.
The roleofautoantibodies. To investigate
whether deposition ofautoantibodies in the
skin is involved in the induction of skin
lesions, skin of control and HCB-exposed
rats was incubated with a fluorescein isothio-
cyanate (FITC)-labeled mouse-anti-rat
kappa-chain antibody (MARK-1) (MARK-
1-FITC). In addition, to detect serum
autoantibodies directed to skin proteins, skin
of control Brown Norway rats, as well as
nonlesional and lesional skin ofHCB-treated
Brown Norway rats, was incubated with
either control serum or serum of Brown
Norway rats exposed to HCB. To detect
binding ofautoantibodies, sections were sub-
sequently incubated with MARK-1-FITC.
As a positive control, kidney sections ofa rat
Table 5. Summary and gradation ofthe effects of hexachlorobenzene in Brown Norway, Lewis, andWistarrats.ab
Brown Norway Lewis Wistar
(450 mg/kg) (450mg/kg) (900mg/kg)
Parameters ofgeneral toxicity
Bodyweight increase + + +
Liver effects ++ ++ ++
Parameters of immunomodulation
Increase in
Spleen weight ++ + +
PLN weight ++ + +
Lymph node ++ ++ ++
Serum 1gM levels ++ ++ ++
Serum lgG levels +- -
Serum IgE levels +++
Serum IgM anti-single-stranded DNA ++ ++
Inflammatory lesions
Gross skin lesions +++ +
Lung effects ++ ++ +
Abbreviations: HEV, high endothelial venules; PLN, popliteal lymph node; ssDNA, single-stranded DNA.'Gradation scale: -, no
increase; ±, minimal; +, slight; +±, moderate; ++, marked; +++, very severe.bReprinted from Michielsen et al. (721, with permission of
Academic Press.
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with experimentally induced immunocomplex-
mediated Heymann nephritis (kindly
supplied by E. de Heer, Leiden, The
Netherlands) were incubated with MARK-1-
FITC. No fluorescence above background
was observed in the skin ofcontrol or HCB-
treated Brown Norway rats (either incubated
or not incubated with serum of control or
HCB-treated rats), indicating that there were
no serum autoantibodies to skin proteins and
no deposited immune complexes in skin.
This contradicts our earlier results obtained
with the enzyme-linked immunosorbent assay
(ELISA) that showed presence ofIgM anti-
bodies against single-stranded DNA and
double-stranded DNA in sera of HCB-
exposed rats (72) but can be explained by the
weak affinity ofthese IgM autoantibodies.
Whereas ELISA is a very sensitive method
and detects antibodies with high and low
affinities for the antigen tested, immuno-
histochemistry detects only the antibodies,
which have a high affinity and therefore are
pathogenic. Binding ofthese autoantibodies
was not observed, indicating that autoanti-
bodies are probably not involved in the
induction ofskin lesions byHCB.
Thymus dependency ofHCB-induced
skin andlungpathology. In another study
we investigated the role ofthymus-dependent
T cells in HCB-induced inflammatory skin
and lung lesions. Brown Norway rats were
depleted ofT cells by adult thymectomy fol-
lowed by lethal irradiation and bone marrow
reconstitution (89). The resulting T-cell
depletion was analyzed by fluorescence-
activated cell sorter analysis and immuno-
histochemistry and appeared strong. Skin
lesions appeared slower and at a lower inci-
dence in T-cell-depleted Brown Norway rats
orally exposed to 450 mg/kg HCB in the diet
than in normal Brown Norway rats exposed
to the same dose. At the end ofthe 4-week
exposure, however, incidence and severity of
skin lesions were comparable as well as the
histopathologic changes in lesional and non-
lesional skin ofHCB-treated normal and T-
cell-depleted Brown Norway rats. HCB
induced quantitatively and qualitatively com-
parable inflammatory lung lesions in normal
and T-cell-depleted Brown Norway rats as
well as in athymic and euthymic WAG/Rij
rats that were exposed to HCB. An earlier
study with male athymic and euthymic
Wistar rats exposed to 450 mg/kg HCB over
6 weeks demonstrated that the induction of
inflammatory lung lesions by HCB is thymus
independent (67). Thus, studies with
T-cell-depleted Brown Norway rats con-
firmed earlier conclusions that the induction
oflung lesions by HCB is thymus indepen-
dent. In addition, thymus-dependent T cells
are not likely to be required for the induction
of skin lesions by HCB in the rat, although
T cells enhance the rate ofinduction and pro-
gression ofskin lesions. Because the T-cell
depletion appeared strong and resulted only
in a slight difference in the rate ofinduction
and progression ofskin lesions, we concluded
that this immunopathology is probably not
due to binding of HCB or its reactive
metabolites to macromolecules ofthe body.
Binding oflow molecular weight chemicals to
macromolecules ofthe body followed by sub-
sequent T- and B-cell stimulation is consid-
ered to be the mechanism involved in most
allergic and autoimmunogenic low molecular
weight chemicals (90,91). A thymus-
independent etiology ofskin and lung lesions
is remarkable, as HCB strongly modulates
T-cell-mediated immune parameters but is
confirmed by studies described earlier in this
section that failed to demonstrate the pres-
ence of autoantibodies in nonlesional and
lesional skin ofHCB-treated Brown Norway
rats. However, several mainly inert chemicals,
e.g., crystalline silica, are able to induce
autoimmunelike effects by the nonspecific
generation ofcytokines and release ofreactive
oxygen and nitrogen species by granulocytes
and macrophages (92). Recently we demon-
strated the presence oflarge numbers ofacti-
vated CD8+ macrophages in nonlesional and
especially lesional skin of HCB-treated
Brown Norway rats (89). These CD8-
expressing macrophages in the rat are able to
produce and release nitric oxide upon stimu-
lation (93,94). Stimulation of these
macrophages to release nitric oxide or other
potent mediators could account for the
observed pathology and lead to chronic
inflammation. In addition, eosinophilic gran-
ulocytes that are frequently observed in the
lung of HCB-treated highly susceptible
Brown Norway rats are also very potent effec-
tor cells. Besides their beneficial properties in
host defense, eosinophil degranulation or
cytolysis ofeosinophils can become detrimen-
tal to the host and contribute to local pathol-
ogy at the site of inflammation (95).
Therefore, involvement ofthese granulocytes
and macrophages in the induction of skin
and lung lesions by HCB needs further
investigation.
Conclusion
It is clear from many studies in laboratory
animals that HCB is an environmental chem-
ical with immunotoxic properties
(59-61,63). Recently, immune effects such as
increased serum IgM and IgG levels and
impaired functions ofneutrophilic granulo-
cytes have been reported in workers occupa-
tionally exposed to HCB (82-84). In the rat,
HCB mainly induces stimulation ofparame-
ters of immune function, whereas in the
mouse, most assessed immune function para-
meters are suppressed by HCB (63,74-80).
Oral exposure ofrats to HCB elevates serum
IgM antibodies to several autoantigens
(61,72) and differently modulates two experi-
mental models ofautoimmune disease, AA
and EAE (68). Moreover, an (auto)immune
etiology is also conceivable for the enlarged
thyroid, arthritic lesions of the hands, and
dermatologic effects in patients ofthe acci-
dental poisoning in Turkey, which persisted
25 years later (58). The mechanism bywhich
HCB affects skin, lung, and immune system
is still unclear. HCB-induced lung lesions are
strain- and thymus-independent and do not
correlate with parameters ofimmunomodu-
lation (72,89). Therefore, an autoimmune or
allergic etiology resulting from binding of
HCB or metabolites thereof to macromole-
cules ofthe body is probably not involved in
HCB-induced lung lesions. Induction ofskin
lesions in the rat is highly strain dependent
and correlates with several parameters of
immunomodulation (72). Thymus-
dependent T cells are not likely to be
required for the induction ofskin lesions but
enhance the rate ofinduction and progression
of the lesions in the Brown Norway rat.
Moreover, in the skin of HCB-treated rats
there was no deposition of immune com-
plexes, and no autoreactive antibodies to skin
proteins could be detected in the serum of
HCB-treated rats. Therefore, we concluded
that the induction ofskin and lung lesions by
HCB is probably not due to binding ofHCB
or its reactive metabolites to macromolecules
ofthe body. Such a thymus-independent eti-
ology ofthe skin and lung lesions is remark-
able, as HCB strongly modulates
T-cell-mediated immune parameters
(59,60,68). This points at a very complex
mechanism and possible involvement ofmul-
tiple factors in HCB-induced immunopathol-
ogy. The presence of large numbers of
activated macrophages in the skin and large
numbers ofmacrophages and polymorphonu-
clear cells in the lung of HCB-exposed
patients suggests that these cells may be
involved in the induction ofskin and lung
lesions. Whether the HCB-induced
immunopathology is associated with effects of
HCB on (eosinophilic) granulocytes and
macrophages needs further investigation.
REFERENCES AND NoTEs
1. U.S. EPA. Survey of Industrial Processing Data. Task I:
Hexachlorobenzene and Hexachlorobutadiene Pollution from
Chlorocarbon Processes. EPA 560/3-75-003. Washington, DC:
U.S. Environmental ProtectionAgency, 1975.
2. Jacoff FS, Scarberry R. Source assessment of hexachloroben-
zene from the organic chemical manufacturing industry. In:
Hexachlorobenzene: Proceedings of an International Symposium
(Morris CR, Cabral JRP, eds). IARC Sci Publ 77:31-37 (1986).
3. Mill T, Haag W. Theenvironmental fate ofhexachlorobenzene. In:
Hexachlorobenzene: Proceedings of an International Symposium
(Morris CR, Cabral JRP, eds). IARC Sci Publ 77:61-66(1986).
4. Mansour M, Scheunert R, Viswanathan R, Korte F. Assessment
of the persistence of hexachlorobenzene in the ecosphere. In:
790 Environmental Health Perspectives * Vol 107, Supplement 5 * October 1999HCB4NDUCED IMMUNOPATHOLOGY
Hexachlorobenzene: Proceedings of an International
Symposium (Morris CR, Cabral JRP, eds). IARC Sci Publ
77:53-59(1986).
5. Uhnak J, Veninger6va M, Madaric A. Dynamics of hexa-
chlorobenzene residues in the food chain. In:
Hexachlorobenzene: Proceedings of an International Symposium
(Morris CR, Cabral JRP, eds). IARC Sci Publ 77:109-113(1986).
6. Braune BM, Norstrom RJ. Dynamics of organochlorine com-
pounds in herring gulls. Ill: Tissue distribution and bioaccumula-
tion in Lake Ontario gulls. Environ Toxicol Chem 8:957-968
(1989).
7. Vos JG, Breeman HA, Benschop H. The occurrence of the fungi-
cide hexachlorobenzene in wild birds and its toxicological
importance: a preliminary examination. Meded Rijksfac
Lanbouwwet Rijksuniv Gent33:1263-1269(1968).
8. Peters HA, Johnson SAM, Cam S, Oral S, Muftu Y, Ergene T.
Hexachlorobenzene-induced porphyria: effect of chelation on
the disease, porphyrin and metal metabolism. Am J Med Sci
251:314-322 (1966).
9. Needham LL, Burse VW, Head SL, Korver MP, McClure PC,
Andrews JS Jr, Rowley DL, Sung J, Kahn SE. Adipose
tissue/serum partitioning of chlorinated hydrocarbon pesticides
in humans. Chemosphere 20:975-980(1990).
10. Camps M, Planas J, G6mez-Catalan J, Sabroso M, To-Figueras
J, Corbella J. Organochlorine residues in human adipose tissue
in Spain: study of an agrarian area. Bull Environ Contam Toxicol
42:195-201 (1989)
11. U.S. EPA. Hexachlorobenzene. Health Advisory. Washington,
DC:U.S. Environmental Protection Agency, 1987.
12. WHO. IPCS Environmental Health Criteria for Hexachlorobenzene.
No 195. Geneva:World Health Organization, 1997.
13. U.S. EPA. Health Assessment Document for Chlorinated
Benzenes. EPA 600/8-84-015F. Washington, DC:U.S.
Environmental Protection Agency, 1985.
14. Rozman K, Rozman T, Greim H. Enhanced fecal elimination of
stored hexachlorobenzene from rats and rhesus monkeys by
hexadecane or mineral oil. Toxicology 22:33-44(1981).
15. Koss G, Koransky W, Steinbach K. Studies on the toxicity of
hexachlorobenzene. Il: Identification and determination of
metabolites. Arch Toxicol 35:107-114(1976).
16. Koss G, Seubert S, SeubertA, Koransky W, Ippen H. Studies on
the toxicology of hexachlorobenzene. III: Observations in a long-
term experiment. Arch Toxicol 40:285-294 (1978).
17. Koss G, ReuterA, Koransky W. Excretion of metabolites of hexa-
chlorobenzene in the rat and in man. In: Hexachlorobenzene:
Proceedings of an International Symposium (Morris CR, Cabral
JRP, eds). IARC Sci Publ 77: 261-266(1986).
18. Renner G, Richter E, Schuster KP. N-Acetyl-S-(pen-
tachlorophenyl)-cysteine, a new urinary metabolite of hexa-
chlorobenzene. Chemosphere 8:663 (1978).
19. Renner G. Biotransformation of the fungicides hexachloroben-
zene and pentachloronitrobenzene (PCNB). Xenobiotica
11:534-446(1981).
20. Van Ommen B, Hendriks W, Bessems JGM, Geesink G, MOller
F, Van Bladeren PJ. The relation between the oxidative bio-
transformation of hexachlorobenzene and its porphyrinogenic
activity. Toxicol AppI Pharmacol 100:517-528(1989).
21. Elder GH, Evans JO, Matlin SA. The effect of the porphyrogenic
compound, hexachlorobenzene, on the activity of hepatic uro-
porphyrinogen decarboxylase in the rat. Clin Sci Mol Med
51:71-80(1976).
22. San Martin de Viale LC, Rios de Molina, M del C, Wainstok de
Calmanovici R, Tomio JM. Experimental porphyria induced in
rats by hexachlorobenzene. In: Porphyrins in Human Diseases
(Doss M, ed). Basal:Kargel, 1976:445-452.
23. Ockner RK, Schmid R. Acquired porphyria in man and rat due to
hexachlorobenzene intoxication. Nature (Lond)189:499 (1961).
24. De Matteis F, Prior BE, Rimington C. Nervous and biochemical
disturbances following hexachlorobenzene intoxication. Nature
191(4786(:363-366 (1961).
25. Vos JG, Van der Maas HL, Musch A, Ram E. Toxicity of hexa-
chlorobenzene in Japanese quail with special reference to por-
phyria, liver damage, reproduction and tissue residues. Toxicol
AppI Pharmacol 18:944-957(1971).
26. Strik JJTWA, Wit JG. Hepatic porphyria in birds and mammals.
TNO nieuws 27:604-610(1972).
27. Smith AG, Cabral JR. Liver-cell tumors in rats fed hexa-
chlorobenzene. Cancer Lett 11:169-172(1980).
28. Cabral JRP, Mollner T, Raitano F, Shubik P. Carcinogenesis of
hexachlorobenzene in mice. IntJ Cancer 23:47-51 (1979).
29. Cabral JRP, Shubik P. Carcinogenic activity of hexachloroben-
zene in mice and hamsters. In: Hexachlorobenzene: Proceedings
of an International Symposium (Morris CR, Cabral JRP, eds).
IARC Sci Publ 77:411-416(1986).
30. Lambrecht RW, ErtOrk E, Grunden EE, Peters HA, Morris CR, Bryan
GT. Renal tumours in rats chronically exposed to hexachloroben-
zene(HCB) (Abstract]. ProcAmAssoc CancerRes24:59(1983).
31. Cabral JRP, Shubik P, Mollner T, Raitano F. Carcinogenicity of
hexachlorobenzene in hamsters. Nature 269:510-511(1977).
32. Stewart FP, Manson MM, Cabral JRP, Smith AG.
Hexachlorobenzene as a promoter of diethyinitrosamine-initi-
ated hepatocarcinogenesis in rats and comparison with induc-
tion of porphyria. Carcinogenesis 10(7):1225-1230 (1989).
33. Carthew P, Smith AG. Pathological mechanisms of hepatic
tumour formation in rats exposed chronically to dietary hexa-
chlorobenzene. J AppI Toxicol 14:447-452 (1994).
34. Grimalt JO, SunyerJ, MorenoV, Amaral OC, Scala M, Rosell A,
AntoJM, Albaiges J. Risk excess of soft-tissue andthyroid can-
cers in a community exposed to airborne organochlorinated
compound mixtures with a high hexachlorobenzene content. Int
J Cancer 56:200-203 (1994).
35. IARC. Hexachlorobenzene. In: Overall Evaluations of
Carcinogenicity: An Updating of IARC Monographs, Volumes 1
to 42. IARC Monographs on the Evaluation of Carcinogenic Risk
of Chemicals to Humans, Supplement 7. Lyon:lnternational
AgencyforResearch on Cancer, 1987;219-220.
36. latropolous MJ, Hobson W, KnaufV, Adams HP. Morphological
effects of hexachlorobenzene toxicity in female rhesus mon-
keys. Toxcicol AppI Pharmacol 37:433-444 (1976).
37. Jarrell JF, McMahon A, Villeneuve D, Franklin C, Singh A, Valli
VE, Bartlett S. Hexachlorobenzene toxicity in the monkey pri-
mordial germ cell without induced porphyria. Reprod Toxicol
7:41-47 (1993).
38. Foster WG, Pentick JA, McMahon A, Lecavalier PR. Ovarian
toxicity of hexachlorobenzene (HCB) in the superovulated
female rat. J Biochem Toxicol 7:1-4 (1992).
39. Foster WG, Mertineit C, Yagminas A, McMahon A, Lecavalier
PR. The effects of hexachlorobenzene on circulating levels of
adrenal steroids in the ovariectomized rat. J Biochem Toxicol
1013):129-135(1995).
40. Den Tonkelaar EM, Verschueren HG, Bankovska J, De Vries T,
Kroes R, Van Esch G. Hexachlorobenzene toxicity in pigs.
Toxicol AppI Pharmacol 43:137-145(1978).
41. Simon GS, Tardiff RG, Borzelleca JF. Failure of hexachloroben-
zene to induce dominant lethal mutations in the rat. Toxicol
Appi Pharmacol 47:415-419 (1979).
42. Grant DL, Phillips WEJ, Hatina GV. Effect of hexachlorobenzene
on reproduction in the rat. Arch Environ Contam Toxicol
5:207-216(1977).
43. Rush GF, Smith JH, Maita K, Bleavins M, Aulerich RJ, Ringer
RK, Hook JB. Perinatal hexachlorobenzene toxicity in the mink.
Environ Res 31:116-124(1983).
44. Bleavins MR, Aulerich RJ, Ringer RK. Effects of chronic dietary
hexachlorobenzene exposure on the reproductive performance
and survivability of mink and European ferrets. Arch Environ
Contam Toxicol 13:357-365(1984).
45. Jarrell J, Gocmen A, Foster W, Brant R, Chan S, Sevcik M.
Evaluation of reproductive outcomes in women inadvertently
exposed to hexachlorobenzene in southeastern Turkey in the
1950s. Reprod Toxicol 12(4):469-476 (1998).
46. Courtney KD. Hexachlorobenzene (HCB): a review. Environ Res
20:225-266(1979).
47. Gajdos A, Gajdos-Torok BM. Porphyrie experimentale observee
chez le rat blanc a la suite de 1'intoxication par1Ihexachloroben-
zene. Rev Fr Etud Clin Biol 6:549-552(1961).
48. Campbell JAH. Pathological aspects of hexachlorobenzene
feeding in rats. S AfrJ Lab Clin Med 9:203-206(1963).
49. Kuiper-Goodman T, Grant DL, Moodle CA, Korsrud GO, Munro
IC. Subacute toxicity of hexachlorobenzene in the rat. Toxicol
AppI Pharmacol 40:529-549(1977).
50. Cam C. Cases of skin porphyria related to hexachlorobenzene
intoxication. Saglik Dergisi 32:215-216(1958).
51. Cam C. Une nouvelle dermatose epidemique des enfants. Ann
Dermatol 87:393-397 (1960).
52. Bickers DR. The dermatological manifestations of human por-
phyria. Ann NYAcad Sci 514:261-267 (1987).
53. Dogramaci I, Wray JD, Ergene T, Sezer V, MuftO Y. Porphyria
turcica: a survey of 592 cases of cutaneous porphyria seen in
southeastern Turkey. TurkJ Pediatr 4:138-148(1962).
54. Dogramaci I. Porphyrias and porphyrin metabolism with special
reference to porphyria inchildhood.AdvPediatr 13:11-63(1964).
55. Dogramaci I, Kenanoglu A, Muftu Y, Ergene T, Wray JD. Bone
and joint changes in patients with Porphyria turcica. Turkish J
Pediat4:149-156 (1962).
56. Peters HA, Gocmen A, Cripps DJ, Bryan GT, Dogramaci I.
Epidemiology of hexachlorobenzene-induced porphyria in
Turkey: clinical and laboratory follow-up after 25 years. Arch
Neurol 39:744-749 11982).
57. Cripps DJ, Peters HA, Gocmen A, Dogramaci I. Porphyria turcica
due to hexachlorobenzene: a 20 to 30 year follow-up study on
204 patients. BrJ Dermatol 111:413-422(1984).
58. Guiding Principles in the Use of Animals in Toxicology (Adopted
bythe Society ofToxicology in July 1989). Statement printed in
theJanuary issue ofToxicology and Applied Pharmocology.
59. Vos JG, Van Logten MJ, Kreeftenberg JG, Kruizinga W.
Hexachlorobenzene-induced stimulation of the humoral immune
response in rats. Ann NYAcad Sci 320:535-550(1979).
60. Vos JG, Van Logten MJ, Kreeftenberg JG, Steerenberg PA,
Kruizinga W. Effect of hexachlorobenzene on the immune sys-
tem of rats following pre- and postnatal exposure. Drug Chem
Toxicol 2:61-67 (1979).
61. Schielen P, Schoo W, Tekstra J, Oostermeijer HHA, Seinen W,
Bloksma N. Autoimmune effects of hexachlorobenzene in the
rat. Toxicol AppI Pharmacol 122:233-243 (1993).
62. Schielen P, Den Besten C, Vos JG, Van Bladeren PJ, Seinen W,
Bloksma N. Immune effects of hexachlorobenzene in the rat:
role of metabolism in a 13-week feeding study. Toxicol AppI
Pharmacol 131:37-43 (1995).
63. Vos JG, Brouwer GMJ, Van Leeuwen FXR, Wagenaar S.
Toxicity of hexachlorobenzene in the rat following combined
pre- and postnatal exposure: comparison of effects on
immune system, liver and lung. In: Immunotoxicology (Parke
DV, Gibson GG, Hubbard R, eds). London:Academic Press,
1983:219-235.
64. Sherwood RL, Thomas PT, O'Shea WJ, Bradof JN, Ratajczak
HV, Graham JA, Aranyi C. Effects of inhaled hexachlorobenzene
aerosols on rat pulmonary host defenses. Toxicol Ind Health
5:451-461 (1989).
65. Vandebriel RJ, Meredith C, Scott MP, Roholl PJM, Van
Loveren H. Effects of in vivo exposure to bis(tri-n-
butyltin)oxide, hexachlorobenzene, and benzo(a)pyrene on
cytokine (receptor) mRNA levels in cultured rat splenocytes
and on IL-2 receptor protein levels. Toxicol AppI Pharmacol
148(1(:126-136 (1998).
66. Van Loveren H, Kranjc El, Rombout PJA, Blommaert FA, Vos JG.
Effects ofozone, hexachlorobenzene, and bis(tri-n-butyltin)oxide
on natural killer activity in the rat lung. Toxicol AppI Pharmacol
102:21-33(1990).
67. Vos JG, Dormans JAMA, Kraal G, Kranjc El, Kranjc-Franken
MAM, Van Loveren H. Immunotoxicity of hexachlorobenzene is
thymus-dependent [Abstract]. Toxicologist 10:221 (1990).
68. Van Loveren H, Van Eden W, Kranjc El, Kranjc-Franken MAM,
De Kort W, Vos JG. Hexachlorobenzene interferes with the
development of experimental autoimmune diseases in the
Lewis rat[Abstract]. Toxicologist 10:221 (1990).
69. Huitinga I, Ruuls SR, Van Rooyen N, Hartung H-P, Dijkstra CD.
Macrophages in T cell line-mediated, demyelinating, and
chronic relapsing experimental autoimmune encephalomyelitis
in Lewis rats. Clin Exp Immunol 100:344-351 (1995).
70. Smith T, Hewson AK, Kingsley Cl, Leonard JP, Cuzner ML.
lnterleukin-12 induces relapse in experimental allergic
encephalomyelitis in the Lewis rat. Am J Pathol 150
(6):1909-1917 (1997).
71. Santos LL, Morand EF, Hutchinson P, Boyce NW, Holdsworth
SR. Anti-neutrophil monoclonal antibody therapy inhibits the
development of adjuvant arthritis. Clin Exp Immunol
107:248-253 (1997).
72. Michielsen CPPC, Bloksma N, Ultee A, Van Mil F, Vos JG.
Hexachlorobenzene-induced immunomodulation and skin and
lung lesions: Acomparison between Brown Norway, Lewis, and
Wistar rats. Toxicol AppI Pharmacol 144:12-26 (1997).
73. Hayakawa K, Hardy RR, Honda M, Herzenberg LA, Steinberg
AD, Herzenberg LA. Ly-1 B cells: functionally distinct lympho-
cytes that secrete IgM autoantibodies. Proc NatI Acad Sci USA
81:2494-2498 (1984).
74. Loose LD, Pittman KA, Benitz KF, Silkworth JB. Polychlorinated
biphenyl and hexachlorobenzene induced humoral immunosup-
pression. J Reticuloendoth Soc 22:253-271 (1977).
75. Loose LD, Silkworth JB, Pittman KA, Benitz KF, Mueller W.
Impaired host resistance to endotoxin and malaria in polychlori-
nated biphenyl- and hexachlorobenzene-treated mice. Infect
Immun 20:30-35(1978).
76. Loose LD, Silkworth JB, Charbonneau T, Blumenstock F.
Environmental chemical-induced macrophage dysfunction.
Environ Health Perspect 39:79-91 (1981).
77. Carthew P, Edwards RE, Smith AG. Immunotoxic effects of
hexachlorobenzene on the pathogenesis of systemic, pneu-
monic and hepatic virus infections in the mouse. Hum Exp
Toxicol 8:403-411 (1990).
78. Silkworth JB, Loose LD. Assessment of environmental contami-
nant-induced lymphocyte dysfunction. Environ Health Perspect
39:105-128(1981).
Environmental Health Perspectives * Vol 107, Supplement 5 * October 1999 791MICHIELSEN ETAL.
79. Vos JG. Immunotoxicity of hexachlorobenzene. In:
Hexachlorobenzene: Proceedings of an International
Symposium (Morris CR, Cabral JRP, eds). IARC Sci Publ 77:
347-356(1986).
80. Bamett JB, Barfield I, Walls R, Joyner R, Owens R, Soderberg
LSF. The effect of in utero exposure to hexachlorobenzene on
the developing immune response of BALB/c mice. Toxicol Lett
39:263-274 (1987).
81. Gralla EJ, Fleishmann RW, Luthra YK, Hagopian M, Baker JR,
Esber H, Marcus W. Toxic effect of hexachlorobenzene after
daily administration to beagle dogs for one year. Toxicol Appi
Pharmacol 40:227-239(1977).
82. Queiroz MLS, Bincoletto C, Perlingeiro RCR, Souza CA, Toledo H.
Defective neutrophil function in workers occupationally exposed
tohexachlorobenzene. Hum ExpToxicol 16:322-326 (1997).
83. Queiroz MLS, Bincoletto C, Perlingeiro RCR, Quadros MR, Souza
CA. Immunoglobulin levels in workers exposed to hexa-
chlorobenzene. Hum ExpToxicol 17:172-175(1998).
84. Queiroz MLS, Quadros MR, Valadares MC, Silveira JP.
Polymorphonuclear phagocytosis and killing in workers occupa-
tionally exposed to hexachlorobenzene. Immunopharmacol
Immunotoxicol 20(3):447-454 (1998).
85. Den Besten C, Bennik MM, Bruggeman I, Schielen P, Kuper F,
Brouwer A, Koeman JH, Vos JG, Van Bladeren PJ. The role of
oxidative metabolism in hexachlorobenzene-induced porphyria
and thyroid hormone homeostasis: a comparison with pen-
tachlorobenzene in a 13-week feeding study. Toxicol AppI
Pharmacol 119:181-194(1993).
86. Michielsen CPPC, Bloksma N, Pieters R, Rietjens I, Vos JG.
Involvement of the mercapturic acid pathway in the
immunopathology of hexachlorobenzene (HCB) [Abstract].
Pharmacol Toxicol Suppl 111:103 (1997).
87. Goldstein JA. Friesen M. Scotti TM, Hickman P, Hass JR,
Bergman H. Assessment of the contribution of chlorinated
dibenzo-p-dioxins and dibenzofurans to hexachlorobenzene-
induced toxicity, porphyria, changes in mixed function oxyge-
nases, and histopathological changes. Toxicol AppI Pharmacol
46:633-649 (1978).
88. Kitchin KT, Linder RE, Scotti TM, Walsh D, Curley AO,
Svensgaard D. Offspring mortality and maternal lung pathol-
ogy in female rats fed hexachlorobenzene. Toxicology
23:33-39 (1982).
89. Michielsen CPPC, Bloksma N, Klatter FA, Rozing J, Hoekman
JHG, Roholl PJM, Vos JG. Induction of skin lesions by hexa-
chlorobenzene in the BN rat is T-cell dependent [Abstract).
Toxicologist 42:268(1998).
90. Bloksma N, Kubicka-Muranyi M, Schuppe HC, Gleichmann E,
Gleichman H. Predictive immunotoxicological testsystems: suit-
ability of the popliteal lymph node assay in mice and rats. Crit
RevToxicol 25(5):369-396 (1995).
91. Weltzien HU, Moulon C, Martin S, Padovan E, Hartman U,
Kohler J. T cell immune responses to haptens. Structural mod-
els for allergic and autoimmune reactions. Toxicology
107:141-151 (1996).
92. Driscoll KE, Lindenschmidt RC, Mauer JK, Higgins JM, Ridder
G. Pulmonary response to silica or titanium dioxide:
Inflammatory cells, alveolar macrophage-derived cytokines, and
histopathology. AmJ RespirCell Mol Biol 2:381-390(1990).
93. Hirji N, Lin T-J, Befus DA. A novel CD8 molecule expressed by
alveolar and peritoneal macrophages stimulates nitric oxide
production. J Immunol 158:1833-1840(1997).
94. Hirji N, Lin TJ, Bissonnette E, Belosevic M, Befus AD.
Mechanisms of macropahge stimulation through CD8:
macrophage CD8ac and CD83 induce nitric oxide production and
associated killing of the parasite Leishmania major. J Immunol
160(12):6004-601 1 (1998).
95. Weller PF. The immunobiology of eosinophils. In: Seminars in
Medicine of the Beth Israel Hospital, Boston (Flier JS, ed).
N EnglJ Med 18:1110-1118 (1991).
792 Environmental Health Perspectives * Vol 107, Supplement 5 * October 1999